RNA polymerase has been purified from vegetative cells of Bacillus brevis and resolved into 'core' enzyme and sigma factor. The purified enzyme is rapidly inactivated by incubation at low temperatures in the presence of 1-2 mM ATP, dATP, or NAD+, while other nucleotides at this concentration have little or no effect. Inactivation is not accompanied by the incorporation of an adenylyl or phosphoryl moiety into RNA polymerase; nevertheless, it is essentially irreversible. DNA, high concentrations of glycerol, as well as low concentrations (1 mM) of orthophosphate protect RNA polymerase from the nucleotide-dependent inactivation.
The transcription of specific genes by bacterial RNA polymerases is known to be modulated by protein factors that interact either with the enzyme itself or with the DNA template (1) (2) (3) . Under conditions of drastic physiological change, as upon bacteriophage infection or during sporulation, a more general control of transcription is seen that often involves the covalent modification of RNA polymerase (4, 5) . Between these two extreme types of regulation lies the noncovalent modification of RNA polymerase by small molecules, such as the inhibition by peptide antibiotics during the early stages of sporulation (6) . In this paper, we describe a phenomenon that may also belong in this category-although its physiological significance is still obscure-namely, the inactivation of RNA polymerase from Bacillus brevis in the presence of specific nucleotides.
MATERIALS AND METHODS
Growth of Cells. Bacteria were grown in the following media: B. brevis ATCC in the medium of Hanson et al. (7) ; B. polymyxa ATCC 25901 in the medium of Stansly, Shepherd, and White (8) ; and B. subtilis ATCC 6051 in LB broth (1% Bacto tryptone, 0.5% yeast extract, and 0.5% NaCl at pH 7.0). Growth was at 370 with vigorous aeration in a New Brunswick Microferm or Fermacell fermentor, and the cells were harvested during midexponential growth with a refrigerated Sharples Supercentrifuge.
Enzyme Purification. RNA polymerase was purified from B. brevis by the following procedure: Cells (240 g) were suspended in 4 volumes of Buffer A (10 mM Tris, pH 8.4-10 mM MgCl2-10 mM 2-mercaptoethanol-1 mM EDTA-15% glycerol) and disrupted by passage through a MantonGaulin submicron disperser. The extract was centrifuged at 13,000 X g for 30 min, and the supernatant solution was (Fraction I) fractionated in an aqueous two-phase polymer system by the method of Babinet (9) . The (10 Ci/mol), 1 mM (each) of ATP, GTP, and CTP, 10 mM MgCl2, 2 mM MnCl2, 10 mM 2-mercaptoethanol, bovine serum albumin (0.5 mg/ml), and DNA (0.1 mg/ml of salmon-sperm DNA unless otherwise indicated), in a final volume of 0.2 ml. The reaction was terminated by the addition of cold trichloroacetic acid (0.3 N), and the precipitate was washed with trichloroacetic acid, then with ethanol, on discs of glass-fiber filter paper (Whatman GF/C). The radioactivity was determined in a liquid scintillation spectrometer in a toluene-based scintillation fluid. 1 Unit of RNA polymerase activity is defined as the amount of enzyme that catalyzes the incorporation of 1 nmol of UMP under these conditions. 10 mM MgCl2, 9% glycerol, bovine-serum albumin (0.4 mg/ml), nucleotides, and other additions in a final volume of 0.05 ml. The samples were then assayed for RNA polymerase activity and compared with control mixtures from which nucleotides had been omitted. The recovery of activity in the absence of nucleotides was always 80-100%.
Polyacrylamide Gel Electrophoresis in standard gels (6% acrylamide> or in the presence of sodium dodecyl sulfate (5% acrylamide) was done as described (11) . The stained gels were scanned with a Photovolt TLC densitometer model 52-C. The relative amounts of the stained bands were estimated from the densitometer tracing with a Hewlett-Packard Digitizer, by use of a program that corrected for the nonlinearity of the recorder response.
Gel Filtration was done at 40 glycerol and bovine serum albumin (1 mg/ml), and passed over the columns with a small amount of Blue Dextran (Pharmacia). 0.1-ml Fractions were collected, and their radioactivity was determined in the scintillation fluid of Bray (12) . The fractions containing protein (as indicated by the dye) were well separated from free nucleotides.
DNA was isolated from cells of B. brevis by the procedure of Marmur (13) , except that ribonuclease T, was used in addition to pancreatic ribonuclease, and the enzymes were removed by phenol extraction (14) . The isopropanol step was omitted. Denatured DNA was prepared by heating for 10 min at 1000 in 0.15 M NaCl-0.015 M sodium citrate, pH 7.0, followed by rapid cooling (15) .
Protein Concentration was estimated by the method of Lowry et al. (16) .
Materials. Radioactive materials were obtained from New England Nuclear. Nucleotides were the produdts of Calbiochem or Schwarz/Mann. Salmon-sperm DNA was from Calbiochem and poly(adenylic acid) from Miles. Poly-(dA-dT) was a gift from Dr. C. C. Richardson. The purified preparation of RNA polymerase (Fraction IV) migrated as a single major component upon electrophoresis in polyacrylamide gels (Fig. 1A) . Electrophoresis in the presence of sodium dodecyl sulfate revealed three major and two minor components (Fig. 1B) . The major components, with approximate molecular weights of 160,000, 54,000, and 45,000, occurred in molar rations of about 2.0, 0.9, and 2.5, respectively, and probably correspond to the f3+0', a, and a subunits of the RNA polymerase from B. subtilis (17) . The minor components, x and y, of molecular weights 120,000 and 90,000, were present in relative molar amounts of 0.5 and 0.1, respectively.
Fraction IV still exhibited significant polynucleotide phosphorylase activity, perhaps associated with one of the minor electrophoretic components. Therefore, the preparation was subjected to zone sedimentation in a glycerol gradient at low ionic strength, a procedure that resolved a major portion of RNA polymerase activity (Fraction V) from polynucleotide phosphorylase, as well as from sigma factor (Fig. 2) . Electrophoresis of Fraction V on polyacrylamide gels in the presence of sodium dodecyl sulfate confirmed the absence of sigma factor and the presence of B+,B', :x, and a in molar ratios of 2.0:0.3:2.3 (Fig. 1C) . Fraction IV, thus, represents mainly 'holo' RNA polymerase, while Fraction V corresponds'to the 'core' enzyme (1).
At very low concentrations, poly(dA-dT) was a most effective template for holoenzyme and for core RNA polymerase. Both types of enzyme were saturated by lower concentrations of DNA from B. brevis than by salmon-sperm DNA, but the latter was the more effective template at high concentrations. With the holoenzyme, native DNA from B. brevis afforded 2-to 3-times higher reaction rates than denatured DNA, while core polymerase was equally active with both templates. The specific activity of core polymerase (Fraction V) was about 20 times less than that of the holo- enzyme (Fraction IV) with all DNA templates, but could be considerably stimulated by the. addition of sigma factor (Fig. 3) . Fig. 4 for the holoenzyme (Fraction IV). Comparable results were obtained with core polymerase (Fraction V). The extent of inactivation was not affected by the type of DNA template used in the assay of RNA polymerase activity, nor by the presence of sigma factor during the enzyme assay.
The nucleotide specificity of the inactivation phenomenon is illustrated in Table 2 . ATP, dATP, and NAD + were most effective in promoting the inactivation of the enzyme; CTP, NADP+, and NMN had smaller effects, while ADP, AMP, GTP, UTP, and NADH were virtually inactive.
Similar experiments were done with crude fractions of RNA polymerase from Bacillus subtilis ATCC 6051 and Bacillus polymyxa ATCC 25901, prepared by ammonium sulfate precipitation. These preparations were also rapidly inactivated by incubation at 250 in the presence of 1-2 mM ATP, dATP, or NAD +, while NADH had no effect.
In order to investigate the possibility of covalent modification of RNA polymerase by the inactivating agents, the then subjected to gel filtration on Sephadex G-25. In both cases, the radioactivity accompanying the protein peak did not differ significantly from that observed in control experiments from which RNA polymerase had been omitted (Table   3 ).
Protection from nucleotide-dependent inactivation
The inactivation of RNA polymerase (both Fractions IV and V) by 1 mM ATP was almost completely prevented by the presence of 40 ,ug/ml of DNA, the denatured form being somewhat more effective. The presence of glycerol also had a profound influence on the inactivation of the enzyme and, at 20%, provided complete protection against the effect of 2 mM ATP or NAD+ (Fig. 5) ; At low concentrations (1 mM), orthophosphate and arsenate antagonized the inactivation of RNA polymerase by ATP, dATP, or NAD+ (Table 4 ). This effect is not related to the presence of polynucleotide phosphorylase, since it was also observed with Fraction V. While the various factors described above prevented enzyme inactivation when present during the treatment with ATP, they did not restore the activity of RNA polymerase that had been inactivated in a prior incubation. This result indicates that the ATP-dependent inactivation of the enzyme is an essentially irreversible process.
It should be noted that the effectors (nucleotides and orthophosphate) that influence inactivation have no effect when present during the assay of RNA polymerase at the levels at which they are carried over from the inactivation mixtures. In fact, the nucleotides exert no effect on the activity of RNA polymerase even when present during the assay at the concentrations at which they promote complete inactivation; on the other hand, orthophosphate is a strong inhibitor of RNA polymerase activity (50% inhibition at 0.5 mM).
DISCUSSION
Purified RNA polymerase from B. brevis is composed of three major types of polypeptide chains, whose molecular weights and molar proportions correspond to those reported for the 0+#', a, and a subunits of the RNA polymerase from B. subtilts (17) (18) (19) . The relationship to RNA polymerase of two minor components, x and y, is uncertain; similar polypeptides are associated in different amounts with highly purified preparations of RNA polymerase from B. subtilis (17, 18) . The enzyme could be resolved into 'core' polymerase and sigma factor by zone sedimentation in a glycerol gradient. The core polymerase had greatly reduced activity with all types of DNA templates tested and was considerably stimulated, especially with homologous DNA as a template, by the addition of sigma factor. A striking property of the RNA polymerase from B. brevis is its instability in the presence of certain nucleotides, even at 00. The nucleotide specificity of this effect is unusual. The active substances are either triphosphates of the amino nucleosides adenosine, deoxyadenosine, and cytidine, or contain an NMN moiety, such as NMN itself, NAD+, and NADP+, while compounds such as ADP, AMP, or reduced pyridine nucleotides are very much less effective. Another interesting feature of the nucleotide-dependent inactivation is its prevention by orthophosphate. This result may appear paradoxical, since orthophosphate itself is a strong inhibitor of the RNA polymerase from B. brevis.
Several possible mechanisms for the nucleotide-dependent inactivation of RNA polymerase and the protection by orthophosphate suggest themselves. The first, a trivial explanation, would be the formation of poly(adenylic acid), an inhibitor of RNA polymerase (20) , and its phosphate-dependent degradation by polynucleotide phosphorylase. This mechanism is unlikely for several reasons: (a) The formation of poly(adenylic acid) by RNA polymerase requires a DNA template (21), while we observe that DNA actually protects against inactivation; (b) dATP and NAD+ could probably not serve as substrates for poly(adenylic acid) formation; and (c) inactivation and protection by orthophosphate are observed with our preparation of 'core' polymerase (Fraction V), which is devoid of polynucleotide phosphorylase activity. A second possibility would be a covalent modification of the enzyme, either by phosphorylation or by adenylylation. Adenylylation might in fact occur both with ATP and NAD +, as with polynucleotide ligase from different sources (22, 23) , and the adenylyl group might be removed by phosphorolysis as with glutamine synthetase (24) . However, gel filtration experiments have failed to reveal the incorporation of a phosphoryl or adenylyl moiety from ATP into the enzyme; moreover, NMN could obviously not participate in such a reaction. The irreversibility of inactivation is also inconsistent with this hypothesis. A third mechanism would involve a nucleotide-promoted structural transition of the enzyme to a more stable, but inactive, form. Examples are known where the binding of a ligand to a specific site, often an allosteric one, catalyzes the structural rearrangement of an enzyme to a more stable form (25, 26) . Usually, the more stable form of an enzyme is the active state, but under certain conditions ligand-induced inactivation has, in fact, been demonstrated (26) . According to this model, the active form of RNA polymerase would represent a metastable state, and binding of nucleotides to an 'allosteric' site with the appropriate specificity would catalyze the irreversible transition to an inactive state. Binding of orthophosphate or DNA to the enzyme would presumably stabilize the native state and, thus, counteract nucleotide-dependent inactivation. The striking effect of glycerol on the inactivation of RNA polymerase suggests that this phenomenon indeed involves changes in protein conformation. The subunit composition of bacterial RNA polymerases is far more complex than that of any known allosteric protein, in spite of the fact that specific genes can be accurately transcribed by much simpler proteins, like the RNA polymerase of bacteriophage T7 (27) . Undoubtedly, the complex structure of bacterial RNA polymerases is a reflection of their ability to be regulated, perhaps by conformational transitions in response to the binding of specific allosteric ligands. The nucleotidedependent inactivation of RNA polymerase may represent an example of this type of regulation, although its physiological significance is far from clear. An important question that remains to be answered is whether the 'inactivated' form of the enzyme is totally nonfunctional, or whether it is still able to transcribe a restricted class of genes or to perform some other specialized function.
The inactivation of RNA polymerase by ATP and NAD+ occurs also in B. subtilis and B. polymyxa, and may be common to all Bacilli. On the other hand, its relation to the ATPdependent inactivation of RNA polymerase from Escherichia coli (28) is uncertain. The latter differs in that it is reversible, requires an additional protein factor, and presumably involves adenylylation of the enzyme. However, it remains to be demonstrated that inactivation of the E. coli RNA polymerase is not an artifact caused by the polynucleotide phosphorylase-dependent formation of poly(adenylic acid).
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